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a b s t r a c t 

Synthetic modified messenger RNA (mRNA) has manifested great potentials for therapeutic applications 

such as vaccines and gene therapies, with the recent mRNA vaccines for global pandemic COVID-19 

(corona virus disease 2019) attracting the tremendous attention. The chemical modifications and delivery 

vehicles of synthetic mRNAs are the two key factors for their in vivo therapeutic applications. Chemical 

modifications like nucleoside methylation endow the synthetic mRNAs with high stability and reduced 

stimulation of innate immunity. The development of scalable production of synthetic mRNA and efficient 

mRNA formulation and delivery strategies in recent years have remarkably advanced the field. It is worth 

noticing that we had limited knowledge on the roles of mRNA modifications in the past. However, the 

last decade has witnessed not only new discoveries of several naturally occurring mRNA modifications 

but also substantial advances in understanding their roles on regulating gene expression. It is highly nec- 

essary to reconsider the therapeutic system made by synthetic modified mRNAs and delivery vectors. 

In this review, we will mainly discuss the roles of various chemical modifications on synthetic mRNAs, 

briefly summarize the progresses of mRNA delivery strategies, and highlight some latest mRNA thera- 

peutics applications including infectious disease vaccines, cancer immunotherapy, mRNA-based genetic 

reprogramming and protein replacement, mRNA-based gene editing. 

Statement of significance 

The development of synthetic mRNA drug holds great promise but lies behind small molecule and pro- 

tein drugs largely due to the challenging issues regarding its stability, immunogenicity and potency. In 

the last 15 years, these issues have been substantially addressed by synthesizing chemically modified 

mRNA and developing powerful delivery systems; the mRNA therapeutics has entered an exciting new 

era begun with the approved mRNA vaccines for the COVID-19 infection disease. Here, we provide recent 

progresses in understanding the biological roles of various RNA chemical modifications, in developing 

mRNA delivery systems, and in advancing the emerging mRNA-based therapeutic applications, with the 

purpose to inspire the community to spawn new ideas for curing diseases. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Messenger RNA (mRNA) lies in the middle layer of central 

ogma serving as the carrier in the genetic information flow from 

NA to protein. Synthetic mRNA for therapeutic applications has 

ttracted considerable interest from both academia and industry 

ince it was first demonstrated to be transferred to and expressed 

n the mouse muscle in vivo in 1990 [1] . The real applications have

een expanded to infectious disease vaccines, cancer immunother- 

py, genetic engineering, protein replacement therapy, and mRNA- 

ased gene editing [ 2–9 ]. The field of mRNA therapeutics is gaining 

he momentum in recent years because the challenging issues like 

NA instability, high innate immunogenicity, and targeted delivery 

ave been substantially addressed by developing chemically modi- 

ed mRNAs and sophisticated delivery strategies. 

Synthetic mRNA can be cost-effectively produced in a large 

cale by the in vitro transcription technique, and be delivered for 

ast and transient expression in cytoplasm without the risk of in- 

egration into genome, however, the unmodified synthetic mRNA 

s not stable and stimulates the activation of cellular innate im- 

unity. The synthetic unmodified mRNA largely suffers from the 

egradation issue due to the high activity of environmental RNases. 

pon entering cells, the unmodified RNA molecules can induce the 

roduction of type I interferons, interleukin-6, and other proin- 

ammatory cytokines through multiple signaling receptors such 

s endosomal Toll-like receptor (TLR) 3, 7, or 8, and cytoplas- 

ic protein kinase R (PKR), 2 ′ -5 ′ -oligoadenylate synthetase (OAS), 

etinoic-acid inducible gene I (RIG-I) or melanoma differentiation- 

ssociated 5 (MDA5) [ 10–12 ]. 

In order to improve the stability and reduce the immunogenic- 

ty of synthetic mRNA, chemical modifications on the ribose, the 

NA termini, and nucleobases have been proposed and examined, 

nd a substantial success has been made in the last 15 years [ 13–

6 ]. It should be pointed out that we had limited knowledge on 

he roles of these mRNA modifications in the past, in spite of the 

bserved reduced immunogenicity effect, because some modifica- 

ions applied did not naturally occur in cellular mRNA or were 

ot known to exist in cellular mRNA at the time of their uses. 

n the last decade, the rapid advances of emerging RNA epitran- 

criptome field have witnessed a discovery of several new chemi- 

al modifications on cellular mRNA and a substantial understand- 

ng on their roles in regulating gene expression [ 15 ]. Some of the

ynthetic mRNA modifications such as N 

6 -methyladenosine (m 

6 A), 

seudouridine ( �), 5-methylcytidine (m 

5 C), and 2 ′ - O -methylated 

ucleoside (Nm) in synthetic mRNA are also naturally occurring in 

ellular mRNA, therefore it is highly necessary to reconsider the 

herapeutic system made by synthetic modified mRNA. The cellu- 

ar mRNA m 

6 A modification found in 1970 ′ s is the most exten- 

ively studied, and has been found to play an essential role in 

RNA splicing, export, stability, and translation efficiency, signif- 

cantly influencing the organismal physiology and pathology pro- 
2 
esses [ 17–21 ]. The cellular mRNA modifications including m 

5 C, �

nd Nm have also been actively investigated in recent years, and 

ave revealed significant biological roles [ 22–25 ]. Of note, m 

5 C, �

nd N 

1 -methylpseudouridine (m 

1 �) are the widely used modified 

ucleobases in therapeutic mRNA since they exhibited reduced im- 

unogenicity and enhanced translation efficiency. 

The delivery of macromolecular mRNA is another key issue for 

herapeutic applications. The RNA molecules are negatively charged 

olynucleotides. Various carriers for the in vivo delivery of mRNA 

olecules have been developed, including cationic lipid nanopar- 

icles, cationic polymers and others [ 26–32 ]. The formulations of 

odified mRNA with specific vector have been thoroughly opti- 

ized to achieve a proper balance between the circulation time 

nd penetration of the cell membrane barrier. 

In this review, we will mainly discuss the roles of various 

hemical modifications on synthetic mRNAs, briefly summarize the 

rogresses of mRNA delivery strategies, and highlight some lat- 

st therapeutic applications including infectious disease vaccines, 

ancer immunotherapies, genetic reprogramming, protein replace- 

ent, and mRNA-based gene editing. At last, the concerns and per- 

pectives of mRNA therapeutics are discussed. 

. Chemical modifications of synthetic mRNA 

The cellular mRNA consists of elements including 5 ′ -cap, 5 ′ - 
ntranslated region (5 ′ -UTR), coding sequence region (CDS), 3 ′ - 
TR, and polyadenylated tail (poly(A)) ( Fig. 1 ). The development of 

n vitro transcription technique has enabled a large scale produc- 

ion of synthetic mRNA, however, the unmodified synthetic mRNA 

uffers from poor stability and translation efficiency issues. The 

alf-life and translation efficiency of in vitro transcribed mRNA (IVT 

RNA) significantly affects the pharmacokinetic and pharmaco- 

ynamics properties of mRNA-based therapeutics. To enhance in- 

racellular stability and translational efficiency of mRNA, variety 

hemical modifications compatible with the IVT system have been 

ystematically examined, including modified termini, bases and ri- 

ose [ 2 , 13–16 ] ( Fig. 1 ). 

.1. Modifications of mRNA cap and tail 

The 5 ′ -cap and poly(A) tail are the hallmarks of eukaryotic 

RNA. The native form of 5 ′ -cap in cellular mRNA is featured with 

-methylguanosine (m 

7 G) triphosphate group, which is formed in 

o-transcriptional process and is able to protect mRNA from 5 ′ end 

egradation by cellular exonucleases [ 33 ]. During mRNA lifecycle 

nside the cell, there are intrinsic m 

7 G-cap-dependent mRNA trans- 

ation initiation mediated by the translation initiation factor 4E 

eIF4E), and m 

7 G-cap-associated mRNA decay mediated by the de- 

apping complex DCP1/DCP2 [ 33–35 ] ( Fig. 2 A ). 

The cap mimics in synthetic mRNA were designed and made in 

rder to enhance its translation efficiency and stability, as well as 
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Fig. 1. An overview of essential structural elements and chemical modifications of the in vitro transcribed mRNA. UTR, untranslated region; CDS, coding sequence region. 
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o reduce intracellular innate immunogenicity by impeding stim- 

lation of RIG-I [ 36 , 37 ] ( Fig. 2 B ). The m 

7 G can be capped to the

 

′ -end of IVT mRNA by Vaccinia virus capping enzymes, which 

re commercially available and widely used for post-transcriptional 

n vitro capping [ 38 , 39 ]. Alternatively, chemically synthesized din- 

cleotide m 

7 GpppG or its analogs ( Fig. 1 ) can serve as the first

onomer to be directly incorporated into the RNA 5 ′ -end during 

he in vitro transcription. The G marked in bold in m 

7 Gppp G or

ts extended form m 

7 GpppN G is generally required. It should be 

oted that the cap dinucleotide (m 

7 GpppG) is able to initiate the 

rowth in two directions from 3 ′ -OH groups on both m 

7 G and G

ucleoside moieties. To eliminate the unwanted growth from the 

 

′ -OH in m 

7 G, the anti-reverse cap analog (ARCA) [ 40 ] was de-

igned with 3 ′ -OH methylated to form dead end 3 ′ -OMe. In ad- 

ition, the symmetric two-m 

7 G-headed cap [ 41 ] has been devel- 

ped, and the outcome of either way of growth is the same. Fur- 

hermore, the reported 2 ′ ,4 ′ -locked nucleic acid-modified [ 42 ] and 
3 
 

′ - O -benzyl-modified [ 43 ] caps provide the synthetic mRNA with 

esistance to decapping by the mRNA-decapping enzyme, leading 

o a longer half-life and more translation. 

Apart from the modifications in guanosine, chemical manip- 

lations of phosphate bridge have also yielded improved prop- 

rties. The substitution of oxygen with sulfur at the β position 

f the triphosphate bridge in m 

7 GpppG results in high affin- 

ty of the cap to eIF4E and low susceptibility to the decapping 

omplex DCP1/DCP2 [ 44–46 ]. In addition, tetraphosphate bridge 

as been found to exhibit a higher affinity to eIF4E compared 

ith the triphosphate bridge [ 47 ]. The 2S cap analog shown in 

ig. 1 combines tetraphosphate bridge, disulphur-to-oxygen sub- 

titution, and 3 ′ -OMe in ARCA, and shows enhanced translation in 

uman immature dendritic cells and has superior performance to 

he previously published phosphate-modified cap analogs (m 2 
7,2 ′ O - 

ppspG) used in clinical trials [ 48 ]. In recent years, a natu- 

ally occurring Cap1 structure ( e.g. , m 

7 GpppAmG) has been syn- 
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Fig. 2. Schematic illustrations of modified nucleosides and their functions on cellular and synthetic mRNAs. (A) The naturally occurring modified nucleosides on cel- 

lular mRNA and their biological functions. (B) The cellular innate immune responses to the chemically modified mRNA delivered to cells in a simplified view. m 

7 G, 

7-methylguanosine; Nm, 2 ′ - O -methylated nucleoside; cmRNA, chemically modified RNA; PKR, protein kinase R; TLR, Toll-like receptor; MDA5, melanoma differentiation- 

associated 5; RIG-I, retinoic-acid inducible gene I; OAS, 2 ′ -5 ′ -oligoadenylate synthetase; IFN, interferon. 

t

p

a

[

p

t

d

t

r

t

p

8

o

m

d

d

fi

c

a

I

[  

m  

r

2

c

a

t

i

0  

s

a  

n  

t

a

[

m  

p

o

t

c

fi

a

C

e

hesized by a co-transcriptional capping method [ 49 ]. The re- 

orted efficiency of co-transcriptional capping is around 80 −90%, 

nd the uncapped mRNA can be removed by exonuclease Xrn1 

 50 , 51 ]. 

The 3 ′ -end of cellular mRNA in eukaryotes is decorated with 

oly(A) which plays a key role in regulating mRNA stability and 

ranslation efficiency [ 33 ]. The poly(A)-tailed RNA can be pro- 

uced by directly transcribing from DNA template or be post- 

ranscriptionally added to 3 ′ -end of existing RNA by using a 

ecombinant poly(A) polymerase [ 2 ]. The latter method is able 

o introduce chemically modified adenosines or mimics to the 

oly(A) tail, for instance, ribose-modified adenosines, cordycepin, 

-azaadenosine, and fluorophore-modified adenosine ( Fig. 1 ). Most 

f these tail modifications stay at the last 3 ′ -end of synthetic 

RNA and can significantly reduce the possibility of mRNA degra- 

ation by 3 ′ -to-5 ′ exonucleases. As a result, synthetic mRNA is en- 

owed with a lengthened half-life and an increased translation ef- 

ciency in vitro and in vivo [ 52–54 ]. The fluorophore-labeled mRNA 

an be visualized during its metabolic lifecycle [ 54 ]. Of note, there 

re also other strategies to improve the translation and stability of 

VT mRNA inside cells such as introduction of stabilizing elements 

 55 , 56 ], secondary structure [ 57 ], high GC content [ 58 ], and opti-

ized codon [ 59 , 60 ], but these contents are not the focus of this
eview. f  

4 
.2. Modifications of pyrimidine bases 

Cytosine (C), uracil (U), adenine (A) and guanine (G) are four 

anonical bases of mRNA. The AU-rich mRNAs generally exhibit 

 lower protein production yield than the GC-rich ones [ 58 ], and 

he U-rich RNA patches are known potent activators of the innate 

mmune system through the TLRs [ 61 ]. It has been reported that 

.2 −0.4% chemically modified bases ( e.g. , m 

5 C, � , m 

6 A) [ 60 ] in

ynthetic RNA are sufficient to impede activation of TLR signaling 

nd resistance to cleavage by RNase L [ 13 , 63 ]. The replacement of

atural U/C with �/m 

5 C ( Fig. 1 ) represented the best practice in

he past, because they could reduce the immunogenicity of mRNA 

s well as increase its translation efficiency both in vitro and in vivo 

 62 , 64–67 ]. � impedes stimulation of TLR7/8, PKR, OAS and RIG-I- 

ediated signaling pathways [ 13 , 63 , 68 ] ( Fig. 2 B ). It should be em-

hasized that these cellular receptors sense not only the presence 

r absence of certain modifications but also the RNA strand fea- 

ure (single-stranded or double-stranded RNA), and base modifi- 

ation location and combination [ 68 ]. The � modification is the 

rst RNA modification discovered in 1951 [ 69–71 ], and is the most 

bundant RNA modification with an estimated �/U ratio of 7–9%. 

ompared to normal U, � exhibits a stronger hydrogen bonding 

ffect in Watson-Crick base pairing. Although � has been known 

or decades to exist in tRNA, rRNA and snRNAs [ 72 ], its presence
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n cellular mRNA was recently identified [ 69 ]. Several pseudouri- 

ine synthases have been shown to modify human mRNA, includ- 

ng PUS1, PUS7, TRUB1, TRUB2 and RPUSD2 [ 23 ]. The �-modified 

NA could reduce its affinity to cytoplasmic RNA-binding protein 

UM2 and nuclear splicing factor MBNL1 in vitro , but it is still un- 

lear in vivo . The majority of � ’s in native mRNA response to en-

ironmental stimuli, while the biological functions of � are not 

et fully understood ( Fig. 2 A ). Some in vitro results suggest that

may plays a key role in regulating translation. The presence of 

has been reported to alter the dynamics of the translating ri- 

osomes possibly due to the stabilized mRNA secondary structure 

ontributed by the enhanced H-bond of � , which is equivalent to 

he GC content increase [ 57 , 69 ]. It should be pointed out that dif-

erent systems give rise to different outcomes: in the rabbit reticu- 

ocyte system, the replacement of U with � in the synthetic mRNA 

romotes translation, while in the wheat germ and the Escherichia 

oli systems, � slightly repressed and blocked translation, respec- 

ively [ 73 , 74 ]. Another research shows that � within the CDS of

RNA was not sufficient to reduce or enhance the translation ef- 

ciency in vivo [ 75 ].Together, the biological new findings about �

ill definitely prompt us to reconsider the roles of � modifica- 

ion in synthetic mRNA for therapeutic applications, and will also 

uide us to make new constructs with better performances. m 

5 C 

as also been reported to naturally occur in mRNA [ 24 ]. NSUN2 

nd NUSN6 were found to exhibit m 

5 C methyltransferase activity 

or mRNA. The nuclear ALYREF and DNA/RNA-binding YBX1 are ca- 

able of binding m 

5 C to facilitate mRNA nuclear-cytoplasmic shut- 

ling and improve mRNA stability, respectively. Another functional 

ole of m 

5 C in native mRNA refers to its influence on mRNA trans-

ation. A high m 

5 C level in the CDS strongly impairs mRNA transla- 

ion efficiency, while increased methylation in the 3 ′ -UTR leads to 

mproved translation [ 74 , 76–79 ]. However, an opposite result was 

eported that the existence of numerous m 

5 C’s in CDS does not 

ignificantly affect the translation process [ 75 ] ( Fig. 2 A ). These pro-

resses in m 

5 C biology could help understand why synthetic m 

5 C- 

odified mRNA has superior performance for therapeutic applica- 

ions. The possible explanation is that m 

5 C plays roles in avoid- 

ng the stimulation of cellular immune system through preventing 

he stimulation of TLR7/8, PKR and RIG-1 ( Fig. 2 B ), and stabilizing

he synthetic mRNA from degradation, leading to a longer half-life 

 13 , 24 , 67 , 68 ]. 

Recently, m 

1 � modification ( Fig. 1 ) has been designed and 

ncorporated into synthetic mRNA, which outperform the cur- 

ent state-of-the-art �-modified mRNA by offering reduced cel- 

ular innate immunogenicity ( Fig. 2 B ), improved cellular viability, 

nd increased gene expression [ 65 , 80 , 81 ]. The high protein ex-

ression closely correlates with the increased secondary structure 

n m 

1 �-containing mRNA [ 57 ] and the attenuated eIF2 α phos- 

horylation concurrent with diminished PKR activation which in- 

erently inhibits the protein translation pathway [ 67 , 81 ]. Other 

ridine analogs like 5-methyluridine (m 

5 U), 5-methyoxy-uridine 

mo 5 U), and 2-thiouridine (s 2 U) ( Fig. 1 ) could also reduce the

RNA immunogenicity, but find limited applications due to their 

ower translation performance than � [ 37 , 49 , 66 , 73 , 82 ]. 

.3. Modifications of purine bases 

The m 

7 G modification is well known to exist at mRNA 5 ′ -cap, 

hile it has been recently discovered to exist in the internal region 

f cellular mRNA and has exhibited a regulatory role to enhance 

RNA translation [ 15 , 83 ]. So far, there has not been any trial for

ncorporation of m 

7 G in synthetic mRNA for therapeutic applica- 

ions. 

Discovered in 1974, m 

6 A is naturally occurring and the most 

revalent internal modification in cellular mRNA [ 84 ]. In the last 

ecade, the mRNA m 

6 A field has experienced a revival and at- 
5 
racted a surge of interest because m 

6 A has revealed signifi- 

ant biological functions in regulation of gene expression at a 

ost-transcriptional level [ 17–21 ]. The m 

6 A methylation is cat- 

lyzed by a nuclear methyltransferase complex (“writers”) con- 

isting of METTL3, METTL14 and other auxiliary components 

TAP/VIRMA/ZC3H13/HAKAI/RBM15. m 

6 A is a highly dynamic 

nd reversible mark, and can be removed by FTO and ALKBH5 

“erasers”) [ 85 ]. The m 

6 A functions are mediated by “readers” pro- 

eins, for instance, YTH domain-containing proteins YTHDF1–3 and 

THDC1–2, and IGF2BPs [ 86 , 87 ]. The cellular m 

6 A modification al- 

ost influences every step of mRNA in its lifecycle including pre- 

RNA processing, export, decay, and translation. It is worth notic- 

ng that the location of m 

6 A modification across mRNA determines 

ts roles to a large extent, for examples, 5 ′ -UTR m 

6 A is able to

nitiate the cap-independent mRNA translation, CDS m 

6 A impairs 

ranslation, and 3 ′ -UTR m 

6 A largely modulates mRNA stability [ 87–

9 ] ( Fig. 2 A ). The translational inhibition was strongly dependent 

n the position of the m 

6 A modification within a codon, and the 

trongest impact occurred when it is located at the first codon po- 

ition [ 75 ]. This is possibly because the m 

6 A in the first codon po-

ition can induce local perturbations within the decoding site dur- 

ng translation initiation, leading to a destabilization of the codon- 

nticodon helix [ 88 ].These regulatory effects are generally medi- 

ted by the effector reader proteins in a context-dependent man- 

er; different cell lines and stress conditions may lead to different 

iological consequences. 

Synthetic IVT mRNAs with a partial ( e.g. , 5%) or full replace- 

ent of A with m 

6 A have revealed their ability to escape from 

ecognition by innate immune system, however, their translatabil- 

ty is either not improved or completely abolished [ 73 , 90 , 91 ]. It

s understandable that m 

6 A modification reduces the binding of 

LR3/7/8, PKR, MDA5, OAS and RIG-I to the synthetic mRNA, thus 

voiding the stimulation of innate immune system [ 13 , 63 , 67 , 68 , 92 ]

 Fig. 2 B ). In terms of low translation efficiency, the possible rea- 

on is that m 

6 A location in the synthetic IVT mRNA is randomized 

nd its distribution pattern at CDS might disrupt the tRNA selec- 

ion and translation-elongation dynamics [ 88 ]. Further, high den- 

ity of m 

6 A modification in CDS and 3 ′ -UTR facilitates the YTHDF2- 

ediated mRNA decay [ 86 , 87 ]. These factors are likely dominating 

n the production of protein, although 5 ′ -UTR m 

6 A has a role for 

ap-independent translation initiation [ 89 ]. 

.4. Modifications of ribose 

The methylation at 2 ′ -OH of ribose (2 ′ -OMe) represents one 

f the most common RNA modifications found in a variety of 

ellular RNAs, and naturally occurs in all four canonical nucleo- 

ides (Nm: Am/Gm/Cm/Um) and other non-canonical nucleosides 

 25 ]. Recently, the Nm sites in mammalian cellular mRNA have 

een mapped transcriptome-wide at base resolution, however, its 

ffector proteins and biological functions remain elusive [ 25 , 93 ]. 

rom the structural point of view, 2 ′ -OMe in Nm does not affect 

atson-Crick base-pairing, while it increases the RNA resistance 

o degradation due to the abolishment of the hydrogen bonding 

nd nucleophilic characters of 2 ′ -OH [ 25 ] ( Fig. 2 A ). In addition,

he absence of the proton at 2 ′ -OH negatively affects TLR7/8 and 

DA5 binding ( Fig. 2 B ), facilitating the escape of 2 ′ -OMe-modified 

NA from recognition by the innate immune system [ 61 , 94 ]. 

owever, synthetic mRNA bearing 2 ′ -OMe modification reveals a 

ompromised translation efficiency when the modification occurs 

t the second nucleotide in the code [ 74 , 75 ], most likely due to

he steric clash of the methyl group with the nucleotide A1824 

n the eukaryotic18S rRNA [ 74 , 75 , 95 ]. Besides 2 ′ -OMe, 2 ′ - O -fluoro

odification at ribose in synthetic mRNA has been shown to 

imit the inflammatory responses [ 96 ]. Interestingly, 2 ′ - O -fluoro 

odified RNA was found to bind RIG-I with high affinity and 
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o efficiently activate RIG-I receptor in vitro , while this signaling 

ffect was not observed in vivo [ 68 ]. The ribose modifications 

wait further investigations in the future. 

. Synthetic mRNA delivery systems 

Efficient and safe delivery of synthetic mRNA represents one 

ey challenge in the development of mRNA-based therapeutics. 

he synthetic RNA is a negatively charged macromolecular polynu- 

leotide; its naked form is subjected to degradation by serum 

ucleases and is unable to readily pass through the cell mem- 

rane which contains the negatively charged lipid bilayer structure. 

herefore, a vector or carrier ( e.g. , lipid and polymer) is generally 

eeded to deliver the synthetic mRNA to the target cells, and the 

ormulation of mRNA/vector into specific shape of nanoparticles in 

he presence of certain auxiliary components represents the major 

elivery strategy. An ideal delivery system should take the follow- 

ng issues into account: (i) biological safety, (ii) circulation time 

ainly influenced by renal clearance through glomerular filtration 

8 nm cutoff) and mononuclear phagocyte system (MPS) clearance, 

nd (iii) the performance of targeted cellular uptake and endoso- 

al release [ 26 ]. 

Although viral vectors have been used to deliver DNA, they have 

imitations for mRNA delivery mainly due to their small packing 

ize, immunogenicity, cytotoxicity, and complex production process 

 10 , 27 , 29 ]. In contrast, non-viral vector systems are widely used

ecause they are safe and their productions are simple, econom- 

cal and reproducible. Although protamine was used earlier to sta- 

ilize and deliver RNA, lipids and polymers have found the most 

pplications. There are already a few excellent reviews summariz- 

ng various carrier materials [ 26–32 ]; we here only briefly discuss 

he two major classes of carriers, viz. lipids and polymers. 

.1. Lipid and lipidoid vectors 

The lipid can be cationic, neutral, and zwitterionic, and it is 

he major class of vector material for mRNA delivery. The lipid 

olecules can be formulated with synthetic mRNAs into vari- 

us nanostructures such as lipid nanoparticle (LNP) and lipo- 

ome. The LNP has become one of the most commonly used 

RNA delivery strategies due to its large payload, stability, and 

iocompatibility [ 97 , 98 ]. The molecular structure of a lipid is 

n important determinant of its cellular transfection efficiency 

nd toxicity. The transfection efficiency of lipid is linked to its 

bility to complex with and release mRNA, and the toxicity is 

ainly dictated by the structure of its headgroup. The cationic 

ipid is able to mediate the electrostatic interaction between 

NP and the cellular plasma or endosomal membrane, and facil- 

tates cellular internalization and endosomal release of synthetic 

NA [ 27 , 99 ]. The synthetic N -[1-(2,3-dioleyloxy)propyl]- N,N,N - 

rimethylammonium chloride (DOTMA) ( Fig. 3 ) is the first cationic 

ipid used to deliver mRNA, which is applicable to human, rat, 

ouse, xenopus and drosophila cells in vitro [ 100 ]. Compared to 

OTMA, its derivative named 1,2-dioleoyl-3-trimethylammonium- 

ropane (DOTAP) ( Fig. 3 ) exhibits higher cost-effectiveness and ef- 

ciency [ 29 , 101 ]. When a lipid has an ionizable headgroup instead

f a permanently charged one, the toxicity in vivo could be re- 

uced [ 16 , 102 ]. For instance, Dlin-MC3-DMA ( Fig. 3 ), a component

f Patisiran drug, has been approved by the FDA for small RNA in- 

erference therapy [ 103 ], and has also been used as a vehicle for

ransferring synthetic mRNA [ 104 , 105 ]. 

Cationic lipids can be cytotoxic when used alone for mRNA for- 

ulation because they carry a high density of positive charge; 

he introduction of helper lipids into the formulation recipe 

ould help address the issue. The helper lipids, for instance, 1,2- 

ioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), phosphatidyl- 
6 
holine (PC), PEGylating lipid, and cholesterol (CHOL) ( Fig. 3 ), 

re typically included as LNP components to enhance the par- 

icle stability and blood compatibility, and hence the RNA de- 

ivery efficiency [ 97 , 99 ]. DOPE and its derivatives [ 100 , 101 , 104–

06 ] have a relatively small headgroup of phosphoethanolamine 

nd two bulky and unsaturated oleoyl chains, and are fea- 

ured with a cone-like shape. This lipid geometry can stabi- 

ize the non-bilayer hexagonal phase, which is found in the 

ransition structures during membrane fusion and/or disruption. 

HOL can stabilize lipid bilayers in the presence of serum pro- 

eins by filling in the gaps between phospholipids [ 107–109 ], 

nd promote membrane fusion [ 110 ]. The modified PC’s like dis- 

earoylphosphatidylcholine (DSPC) ( Fig. 3 ) and hydrogenated soy- 

ean PC (HSPC), favor the formation of bilayer phase with high 

elting temperatures due to their cylindrical geometry. There- 

ore, they have been widely used to construct highly stable li- 

osomes and LNPs with optimal in vivo serum stability [ 111 ]. 

he PEGylating lipid of mPEG-DSPE (methoxypolyethyleneglycol- 

istearoylphosphatidylethanolamine) ( Fig. 3 ) can increase the LNP 

tability and resistance to serum protein opsonization and MPS 

learance in vivo , leading to a longer circulation time for LNPs [ 98 ].

Hitherto, the combination of ionizable/cationic lipid and helper 

ipid to encapsulate synthetic mRNAs have represented the most 

opular choice to make LNP for both cellular and in vivo applica- 

ions. The classic LNP contains four components: a cationic lipid, 

he modified PC or PE, CHOL and PEGylating lipid. For example, 

onizable cationic lipid Dlin-MC3-DMA, PC, CHOL, and PEGylat- 

ng lipid with a ratio of 50/10/38.5/1.5 (mol/mol) were utilized to 

ncapsulate mRNA at an RNA to total lipid ratio of around 0.05 

wt/wt) [ 104 , 105 , 112 , 113 ]. There is a vast room to explore in order

o find the best combinations. 

In order to open up more possibilities for lipid-based vectors, 

ipidoids molecules have been developed for the delivery pur- 

ose [ 114 ]. Compared with conventional ionizable/cationic lipids, 

ipidoids introduce more artificial chemical constructs, e.g. , struc- 

urally different backbone amine with reversible protonation, in- 

erted ester linkage made by aliphatic alcohol and polyacid, and 

ultiple lipid tails. For instance, cKK-E12 has a diketopiperazine 

ore and has been shown to enhance the serum stability [ 115–

18 ] ( Fig. 3 ). Several cKK-E12 derived lipidoids, including OF-02, 

F-DegLin and OF-C4-Deg-Lin, have been proved to efficiently 

eliver mRNA for protein expression through systemic adminis- 

ration [ 119–121 ]. Recently, some other lipidoids have been re- 

orted for mRNA delivery, such as ZA3-Ep10, lipid 5, TT3, C12–200, 

A2-SC8, TNT derivatives, LP01, C14–113, MPA-A/MPA-B, 306Oi10, 

sPalm/ssPalmO-Paz4-C2 and ATX-100 [ 2 ]. 

.2. Polymer vectors 

Polymer vectors have shown a great potential as another cat- 

gory of mRNA carriers, although not as clinically advanced as 

he lipid-based mRNA delivery system, ( Fig. 3 ). Polymeric carri- 

rs exhibit significant nucleic acid delivery capabilities and higher 

tability, and can be used alone or together with helper lipids 

 122 ]. Polyethylenimine (PEI) is one of the major polymers used 

or nucleic acid delivery, which contains a large number of amine 

nits [ 123 ]. The PEI can be complexed with mRNA through mul- 

iple amino group/phosphate group interaction, and its remain- 

ng positive charges after complexation facilitate the interaction of 

EI/mRNA complex with the cell membrane and the entry into the 

arget cell. Furthermore, amino groups are responsible for the “pro- 

on sponge effect” which can change the osmolarity of acidic endo- 

ome leading to the release of loaded mRNA. Due to these unique 

roperties, PEI has been widely used for nucleic acids delivery 

oth in vitro and in vivo [ 123 ]. However, the high density of pos-

tive charges and the non-degradable property induce the in vivo 
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Fig. 3. Structures of representative vectors for synthetic mRNA delivery. 
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oxicity, which is attributed to the interactions between PEI and 

ntracellular proteins, destabilization of lipid cellular membranes, 

nd activation of the immune system [ 124–127 ]. Chemical modi- 

cations of PEI with PEG, fatty acids or amino acids, and chemi- 

al cross-linking of low molecular weight PEI with biodegradable 

otifs, are two possible solutions to circumvent this issue [ 128 ]. 

tructurally modified PEI’s such as cyclodextrin-polyethylenimine 

k conjugate (CP-2k) [ 129 ] and PEI10k-LinA15-PEG3.0 [ 130 ] have 

een developed for mRNA delivery in different tissues. However, 

he strong binding between PEI and mRNA makes the release of 

NA from their complex difficult, leading to a low transfection ef- 

ciency. [ 131 ]. 

Poly( β-amino ester)s (PBAEs) exhibit lower toxicity, biodegrad- 

bility and pH-responsive property; they potentially possess the 

ame advantage to PEI in facilitating endosomal release of mRNA 

 132 ]. Some PBAEs like OM-PBAE [ 133 ], C1 (PBAE-PCL) [ 134 ],

D90-C12–122 [ 135 ], hDD90–118 [ 136 ] and A1 [ 137 ] have been

sed for mRNA delivery. Another type of biodegradable polyester, 

amed charge-altering releasable transporter (CART), has also been 
7 
eveloped as an mRNA carrier. Poly(amino acid)s are another type 

f synthetic polymers to deliver mRNA [ 138–141 ], with poly(L- 

ysine), polyaspartamide [ 142 , 143 ] and polyglutamide [ 144 ] being 

he typical examples. 

. Therapeutic applications 

Benefited from the progresses in the knowledge of mRNA mod- 

fications and the delivery technologies, the therapeutic applica- 

ions of synthetic modified mRNAs have developed rapidly in re- 

ent years. A broad range of the synthetic modified mRNA-based 

herapeutic applications are currently being explored, which can 

e divided into following major areas: infectious disease vaccines, 

ancer immunotherapy, mRNA-based gene editing, mRNA-based 

enetic reprogramming and protein replacement ( Table 1 ). The 

echanisms of the synthetic modified mRNA-based therapeutic 

pplications are shown in Fig. 4 , in which modified mRNAs per- 

orm various functions in the different target cells. 
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Table 1 

Examples of synthetic modified mRNAs for therapeutic applications. LNP, lipid nanoparticle; CNE, cationic nanoemulsion; DENV, dengue virus; prM-E, pre- 

membrane and envelope glycoproteins; CAR, chimeric antigen receptors; IL-22BP, interleukin-22 binding protein; VSVMP, vesicular stomatitis virus matrix pro- 

tein; MUC1, tumor-associated antigens mucin 1; CEA, carcinoembryonic; HER2, human epidermal growth factor receptor 2; MAA, melanoma-associated antigen; 

VEGF-A, vascular endothelial growth factor-A; CCR5, human C-C chemokine receptor 5; TALENs, transcription activator-like effector nucleases; PKLR , pyruvate 

kinase L/R gene; Cpf1, CRISPR from Prevotella and Francisella 1. 

Modification type Delivery system/Method mRNA encoding Application Year Refs 

m 

1 � LNP Spike protein Infectious disease 

vaccines 

COVID-19 mRNA-1273 2020 [ 157,160 ] 

m 

1 � LNP Spike protein BNT162 2020 [ 159,161 ] 

Unknown LNP Spike protein ARCoV 2020 [ 162 ] 

m 

1 � LNP Haemagglutinin Influenza 2019 [ 151,165 ] 

m 

1 � LNP Structural proteins DENV 2020 [ 167 ] 

m 

1 � LNP Glycoproteins C, D, and E HSV-2 2019 [ 169 , 170 ] 

Unknown CNE Glycoprotein G Rabies 2020 [ 171 ] 

m 

1 � LNP prM-E protein ZIKV 2017 [ 113 , 168 ] 

m 

1 � LNP Envelope HIV-1 2019 [ 172 , 173 ] 

Unknown T cells transfected ex vivo CAR-HER2 Cancer 

immunotherapy 

Glioblastoma 2013 [ 179 ] 

Unknown T cells transfected ex vivo CAR-CD19 Leukemia 2011 [ 180 ] 

Unknown DCs transfected ex vivo IL-22BP; VSVMP Colon cancer 2018 [ 181 , 182 ] 

Unknown LNP MUC1, CEA, HER2 etc. Renal cell cancer 2011 [ 183 ] 

Unknown DCs transfected ex vivo MAA Melanoma 2013 [ 177 ] 

�; m 

5 C Transfection ex vivo Yamanaka factors Genetic 

reprogramming 

and protein- 

replacement 

Generating iPSCs 2010 [ 64 ] 

Unknown Transfection ex vivo VEGF-A Differentiation from iPSCs 2016 [ 189 ] 

Unknown DCs transfected ex vivo IL-4 Autoimmune diabetes 2010 [ 190 ] 

Unknown Transfected ex vivo IL-10 Autoimmune myocarditis 2012 [ 191 ] 

s 2 U; m 

5 C LNP Surfactant protein B Congenital lung disease 2011 [ 66 ] 

Unknown Transfection ex vivo VEGF-A Heart failure 2020 [ 29 ] 

Unknown Transfection ex vivo Cas9 nuclease mRNA-based gene 

editing 

Editing CAR T cells 2017 [ 194 ] 

� Transfection ex vivo Cas9 nuclease Editing CAR T cells 2018 [ 195 ] 

Unknown Transfection ex vivo Zinc-finger nucleases Engineering animal models 2009 [ 201 ] 

Unknown Transfection ex vivo Zinc-finger nucleases Editing HIV-1 CCR5 gene 2017 [ 29 ] 

Unknown Transfection ex vivo TALEN Editing PKLR gene 2019 [ 203 ] 

Unknown Transfection ex vivo Cpf1 Engineering animal models 2016 [ 204 ] 

Fig. 4. Working mechanisms of synthetic modified mRNA-based therapeutic applications. MHC, major histocompatibility complex; iPSCs, induced pluripotent stem cells. 
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.1. Infectious disease vaccines 

An important application of synthetic modified mRNAs is the 

accination for infectious diseases [ 145 ]. Over the past several 

ears, numerous preclinical studies of mRNA vaccines have been 

xecuted, and mRNA vaccines become a promising therapeutic 

ool. There are currently two different types of mRNA vaccines: 
8 
on-amplifying mRNA and self-amplifying mRNA, with the for- 

er conventional one finding more applications ( Fig. 4 A ). In 

he self-amplifying mRNA vaccines, the alphavirus nonstructural 

roteins (nsPs) can form the RNA-dependent RNA polymerase 

RDRP) complex, which is responsible for the replication of mRNA 

 146 ]. Of note, the self-amplifying mRNA vaccines have shown 

nhanced antigen expression at lower doses compared to non- 
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mplifying one, possibly leading to improved immunization [ 147 ]. 

owever, the clinical data is limited to date and more studies are 

eeded. 

Compared to the conventional vaccines (virus vaccines, viral- 

ector vaccines, protein-based vaccines), mRNA vaccines exhibit 

everal important advantages [ 148 ]. They are rapidly and scal- 

bly manufactured in a cell-free manner and better able to evade 

he adaptive immune response; they do not need to enter the 

ucleus or integrate themselves into the genome, which means 

igher safety profiles [ 101 , 145 , 149–151 ]. Many of mRNA vaccines

re experiencing in the stages of preclinical and/or clinical trials 

 Table 1 ). More systematic and through studies are highly needed 

o evaluate the efficiencies and side effects of these mRNA vac- 

ines. Collectively, mRNA vaccines have big potentials to solve 

any of the challenges in vaccine development for infectious dis- 

ases [ 97 ]. 

The global pandemic of the COVID-19 has caused tremen- 

ous public health crisis [ 152 ]; developing a COVID-19 vaccine 

hat is safe, effective, and rapidly deployable is urgently needed. 

ecently, the innovation and development of technologies in 

RNA sequences engineering, mRNA production, and mRNA vac- 

ine delivery materials make the COVID-19 mRNA vaccines pos- 

ible [ 153 ]. By April 2021, more than 14 mRNA vaccines are be-

ng developed against COVID-19 by researchers across the world 

 149 , 154 , 155 ]. The Phase III clinical trials of mRNA vaccines BNT162

Pfizer/BioNTech Inc.) and mRNA-1273 (Moderna Inc.) [ 156–161 ] 

ave been finished ( Table 1 ); the vaccine products have been ap- 

roved for commercial use. However, both of them need strict cry- 

preservation and cold chain transportation. Along this line, a ther- 

ostable COVID-19 mRNA vaccine named ARCoV (Suzhou Abogen 

iosciences Co.) is being developed in phase III clinical trial [ 162 ]. 

ost of the CDS regions of COVID-19 mRNA vaccines encode the 

oronavirus’s spike protein, and most of the delivery systems are 

NPs [ 7 , 31 , 148 , 154 , 163 ]. Modified nucleosides are very necessary

or mRNA vaccines, which could enhance its stability and reduce 

dverse immunogenicity [ 97 , 148 , 153 ]. For example, m 

1 � modifica- 

ions are incorporated into the mRNAs of BNT162 and mRNA-1273 

accines [ 159 , 160 ], which can dampen innate immune sensing and 

ncrease mRNA translation in vivo [ 65 , 73 , 164 ]. The results of clin-

cal phase III studies showed that both BNT162 and mRNA-1273 

ave high efficiency ( > 90%), revealing that the COVID-19 mRNA 

accines hold great promise. 

Besides the COVID-19 mRNA vaccines, many other mRNA vac- 

ines have shown protective immunization in previous preclini- 

al studies against multiple infectious diseases including influenza 

 151 , 165 , 166 ], dengue virus (DENV) [ 167 , 168 ], herpes simplex virus

ype 2 (HSV-2) [ 169 , 170 ], Rabies [ 171 ], Zika virus (ZIKV) [ 113 , 168 ]

nd HIV-1 [ 172 , 173 ] ( Table 1 ). Feldman et al. confirmed the safety

nd immunogenicity of the first mRNA vaccines against pandemic 

vian H10N8 and H7N9 influenza viruses, which consisted of 

hemically m 

1 �-modified mRNAs encoding the full-length hemag- 

lutinin [ 151 ]. Recently, another m 

1 �-modified H1N1 mRNA vac- 

ine was made, which could provide broad protection in mice 

 166 ]. In the HSV-2 mRNA vaccine, the m 

1 �-modified mRNA en- 

odes glycoprotein C, D, and E [ 169 , 169,170 ], while in a rabies vac-

ine, the glycoprotein G is chosen as antigen and its delivery sys- 

em is a cationic nanoemulsion (CNE) [ 171 ]. Based on the LNP en-

apsulation strategy, an m 

1 �-modified anti-ZIKV mRNA vaccine 

ncoding the premembrane and envelope (prM-E) glycoproteins 

as tested for its immunogenicity and protection in mice, and the 

accine elicited rapid and durable protective immunity [ 113 , 168 ]. 

ecently, an m 

1 �-modified HIV-1 mRNA vaccine encoding the 

IV-1 envelope protein was investigated in mice, and an antigen- 

pecific IgG response was observed [ 172 , 173 ]. There are many other

ngoing clinical and preclinical trials for mRNA vaccines at present, 

ost of which harness chemically modified mRNA. 
9 
.2. Cancer immunotherapy 

Synthetic modified mRNA-based delivery technologies have 

een widely utilized among both preclinical and clinical studies 

n the cancer immunotherapy field. The mRNA-based cancer im- 

unotherapy can be divided into two major classes. The first class 

mploys the direct injection of mRNA formulated with delivery 

aterials into target cells like antigen presenting cells (APCs), es- 

ecially dendritic cells (DCs) [ 174 ]. This is similar to that of mRNA 

accine at the cellular level, except that the mRNA encodes a 

umor-associated peptide antigen ( Fig. 4 B ). Following the transfec- 

ion of DCs with the IVT mRNA encoding an anti-tumor antigen 

nd the subsequent translation, major histocompatibility complex 

MHC) class I and II molecules can bind these antigenic epitopes 

nd present them to CD8 + and CD4 + T cells, respectively, leading 

o the antigen-specific antibody response and cellular immunity, 

espectively [ 175 , 176 ] ( Fig. 4 B ). For example, in a phase IB clini-

al trial, the immunotherapy with DCs which were electroporated 

ith a synthetic mRNA encoding a melanoma-associated antigen 

MAA) was found to be safe and effectively stimulating CD8 + and 

D4 + T cell responses in melanoma patients [ 177 ]. 

The second class of mRNA-based cancer immunotherapy in- 

olves the engineering of chimeric antigen receptors (CAR) T cells 

 178 ]. Specifically, synthetic mRNAs encoding CAR are transfected 

nto T cells, and then CAR protein fragments are expressed in 

 cells. These modified T cells can identify specific tumor cells 

nd kill them. So far, the mRNA-based cancer immunotherapy 

as been tried to cure many cancers, such as glioblastoma [ 179 ], 

eukemia [ 180 ], colon cancer [ 181 , 182 ], renal cell cancer [ 183 ],

nd melanoma [ 177 ]. Typical examples of mRNA-based cancer im- 

unotherapy are shown in Table 1 . For instance, T Cells electro- 

orated with synthetic mRNA encoding anti-CD19 CAR (CAR-CD19) 

ere used to cure CD19-marked leukemia cell in mice [ 180 ]. Vari- 

us mRNA-based cancer immunotherapies have been evaluated in 

nimal models, and most of them show efficacy and safety. 

.3. Genetic reprogramming and protein replacement 

In 2006, Yamanaka et al. found that human somatic cell could 

e reprogrammed into induced pluripotent stem cells (iPSC) via 

he forced expression of four transcription factors OCT3/4, SOX2, 

YC and KLF4 (now often referred to as Yamanaka factors) [ 184 ]. 

ince the discovery of iPSC, genetic reprogramming has been a 

opic of interest to regenerative medicine, and previous studies 

lso confirmed that cell fate and functions could be redirected 

sing synthetic modified mRNAs [ 184–186 ]. As shown in Fig. 4 C , 

ynthetic modified mRNA encoding Yamanaka factors can be used 

or reprogramming of adult somatic cells to iPSC [ 64 ]. A striking 

eduction in immunogenicity was observed when the chemically 

odified � and m 

5 C proportionally replaced the canonical U and 

 in synthetic mRNAs, respectively [ 4 , 64 ]. In addition, the mRNA- 

ncoded differentiation factors can also promote differentiation of 

PSC to a desired cell type [ 187 , 188 ]. For example, in the treatment

f myocardial infarction, intramyocardial injection of human vascu- 

ar endothelial factor A (VEGF-A)-encoding mRNA in mice resulted 

n the differentiation of heart progenitor cells into endothelial cells, 

nd improved heart function and long-term survival [ 189 ]. 

The protein-replacement therapy is the most straightforward 

nd obvious application for the synthetic modified mRNAs, which 

an induce expression of desired proteins to replace proteins 

hat are insufficient or aberrant in some diseases ( Fig. 4 C ). In

rotein-replacement therapy field, mRNAs are more effective than 

rotein drugs, because a single mRNA molecule can be translated 

nto many copies of proteins [ 7 ]. Several diseases ( e.g. , autoim- 

une diabetes and autoimmune myocarditis) are being studied 

ith transfected synthetic mRNAs, but most of the studies are at 
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he preclinical stage [ 190 , 191 ] ( Table 1 ). Recently, Moderna and

straZeneca carried out a phase II clinical trial, in which a naked 

VT mRNA encoding VEGF-A is administered into heart failure 

atients through epicardial injection, and this study demonstrated 

he positive potential of IVT mRNA-encoded protein replacement 

herapy [ 29 ]. In comparison with the unmodified mRNA, the 

ucleoside-modified mRNA reveals high performances in the 

rotein-replacement therapy due to their reduced immunogenicity 

nd improved translation efficiency [ 62 ]. For example, Kormann 

t al. performed a protein-replacement therapy through intramus- 

ular injection of modified mRNA into a mouse model having a 

ethal congenital lung disease caused by the absence of surfactant 

rotein B (SPB). The results showed that the replacement of 25% of 

 and C with s 2 U and m 

5 C, respectively, in mRNA synergistically 

ecreased the immunogenicity, and the modified mRNA protected 

ouse from respiratory failure [ 66 ]. 

.4. mRNA-based gene editing 

In the recent years, clustered regularly spaced short palin- 

romic repeat (CRISPR)-associated protein 9 (Cas9) system has 

ecome a powerful tool for site-specific editing of cellular 

enomes, which hold great promise to permanently cure gene- 

ased diseases [ 192 ]. However, there is a concerned risk of 

ff-target mutagenesis. One of the possible reasons is that the 

rolonged expression of nuclease enzyme Cas9 produced from 

NA-based vectors leads to unwanted genome editing [ 193 ]. The 

ynthetic mRNA-based gene editing technology is an attractive 

lternative, because the transient expression of mRNA can mini- 

ize the off-target effect ( Fig. 4 D ). Recently, the universal CAR T

ells for cancer immunotherapy (described above) were developed 

ia Cas9 mRNA-mediated gene editing [ 194 , 195 ] ( Table 1 ). The

onventional generation of CAR T cells requires a patient’s own 

ells, which is expensive, time-consuming, and sometimes not 

easible [ 196 ]. Remarkably, through elimination of some genes 

elated to graft-versus-host disease and immunogenicity, the Cas9 

diting technology can be used to generate universal CAR T cells 

ith potentials for allogeneic cell therapy [ 197 ]. For example, Ren 

t al. used synthetic Cas9 mRNA to generate universal CAR T cells 

hich were resistant to PD1 inhibition in Nalm6 tumor model 

acute lymphoblastic leukemia) [ 194 ]. In another study, universal 

AR T cells with a potent anti-leukemic effect were generated by 

-modified Cas9 mRNA [ 195 ]. 

Apart from Cas9, other nucleases produced from synthetic 

RNA were also applied in gene editing, such as zinc finger 

ucleases (ZFNs) [ 198 ], transcription activator-like effector nu- 

leases (TALENs) [ 199 ], and Cpf1 (CRISPR from Prevotella and 

rancisella 1) [ 200 ]. For example, in a rat model, the microin- 

ection of ZFN-encoding mRNA in embryo was used to generate 

eritable knockout mutations at specific loci [ 201 ]. In addition, 

angamo Therapeutics is using a ZFN-encoding mRNA product to 

arget the human C-C chemokine receptor 5 (CCR5, a co-receptor 

ssential for HIV-1) gene for the treatment of ex vivo HIV-1 

 29 , 202 ]. Recently, the TALEN mRNA system was used to correct 

he pyruvate kinase L/R gene ( PKLR ) in hematopoietic stem cells 

or the treatment of pyruvate kinase deficiency (PKD, a disease 

aused by mutations in the PKLR gene) [ 203 ]. Like Cas9, Cpf1 also

evealed a gene-editing potential in animal model. The Cpf1 mRNA 

nd its cognate CRISPR-derived RNA were microinjected into the 

ouse embryos, and a successful gene-edited mouse model was 

enerated [ 204 ]. To sum, the application of synthetic modified 

RNAs in gene editing is just beginning. 

. Conclusions and perspectives 

We have the knowledge that synthetic mRNA undergoes tran- 

ient protein expression after delivered to cytoplasm and can be 
10 
ompletely degraded via physiological metabolic pathways, which 

an avoid the risk of genomic integration. This transient feature 

eets the need for many applications which require protein ex- 

ression for only limited periods of time, such as gene editing, cell 

eprogramming, and some immunotherapies. However, the syn- 

hetic mRNA-based therapeutics also suffer from some drawbacks 

uch as instability, immunogenicity and inefficient delivery, which 

ave long hindered the clinical progression. Nowadays, these issues 

ave been substantially addressed mainly due to our increased 

nowledge on understanding mRNA modifications and structures, 

nd the advances of nucleic acid delivery technologies. 

In the last decade, the field of naturally occurring chemical 

odifications on cellular mRNA, also known as RNA epigenetics 

r RNA epitranscriptomics, has been under the spotlight. Among 

hese natural mRNA modifications, m 

6 A is the most abundant 

nd the most extensively studied regarding its functional roles in 

RNA fate determination at a posttranscriptional level. The m 

5 C 

nd � modifications were discovered to naturally exist in cellular 

RNA in recent years, and are being actively investigated for its 

unctional roles in control of gene expression. The cell itself may 

ave modification code deposited on specific mRNA to regulate its 

etabolism and fate. 

These progresses in understanding the roles of natural mRNA 

odifications inspire us to rethink about the therapeutic applica- 

ions using synthetic modified mRNAs. It should be pointed out 

hat a certain base modification tends to be site-specific in nat- 

ral cellular mRNA at a low modified/unmodified ratio (less than 

%), while it is randomly distributed in synthetic mRNA at a higher 

odified/unmodified ratio (25 −100%). It can be seen that the mod- 

fication distribution and extent exert a big impact on the RNA 

unctions. The m 

6 A modification in cytoplasmic mRNA, which is 

nriched near stop codon and at 3 ′ -UTR at 0.3 −0.5%, plays piv- 

tal roles in regulating mRNA decay and translation in a context- 

ependent manner, while the synthetic mRNAs with partial or 

ull substitution of A with m 

6 A are transfected into cell and re- 

eal a very poor translation efficiency, possibly due to the ac- 

ivation of the cellular m 

6 A-mediated decay pathway. The high 

ranslation efficiency of m 

5 C- and �-modified synthetic mRNAs is 

ainly attributed to their excellent stability by avoiding the ac- 

ivation of the RNA-binding protein-mediated degradation path- 

ays. These results remind us that there is a vast room to ex- 

lore in this field if we can synthesize site-specifically modified 

RNA in a tailor-made way. However, it is a lack of such method 

o prepare a long mRNA molecule in a scalable fashion. Further, 

ur understanding on the biology of natural mRNA modifications 

eeds to be enhanced because there is a lot more knowledge un- 

nown. Recently, there are an increased number of naturally occur- 

ing cellular mRNA modifications discovered within CDS, such as 

 

7 G [ 83 ], N 

1 -methyladenosine (m 

1 A) [ 205 , 206 ], N 

4 -acetylcytidine

ac 4 C) [ 207 ], and 5-hydroxymethylcytosine (hm 

5 C) [ 208 ]. The tool-

ox of RNA modifications is expanding. Although the synthetic 

RNA-based therapeutics are rapidly developing, a major knowl- 

dge gap remains, that is the design rational for modified RNAs, 

hich requires the full understanding of the biological mecha- 

isms of various chemical modification formation on natural cel- 

ular mRNA. 

With regard to the delivery vectors, new lipid and polymer ma- 

erials with high biocompatibility, high load efficiency, and low im- 

unogenicity are critically needed. Of note, we should consider 

ore about the mRNA/vector formulation strategies. Although the 

NP formulation strategy represents the best choice in current 

tage to deliver synthetic mRNA, there is still much room for im- 

rovement. How to balance the requirements in circulation time 

f LNP, tissue-specific targeting, and efficient cellular uptake and 

ndosomal release of cargo is still a complex pharmacology is- 

ue. More auxiliary elements such as specific cell-targeting and 
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nvironment-responsive ligands probably need to be incorporated 

n the surface of LNP. 

Finally, the field of synthetic modified mRNA for therapeutic 

pplications is gaining the momentum because of its great po- 

entials. We have witnessed a remarkable progress in miscella- 

eous applications including infectious diseases vaccines, cancer 

mmunotherapy, genetic reprogramming and protein replacement, 

nd mRNA-based gene editing. The striking achievements are the 

wo approved COVID-19 mRNA vaccines in which the mRNAs are 

 

1 �-modified. Other therapeutic products are still in the preclin- 

cal or clinical stages and need a long-term validation of efficacy 

nd safety. It is clear that some issues exist in many aspects of the 

eal applications such as the design of modified mRNA constructs, 

calable production and purification, the delivery system, immuno- 

enicity, dosage, cell targeting selectivity, and cell transfection and 

argo release efficiency. Although the challenges are faced, we see 

 bright vista. 
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